The glymphatic system has recently been shown to clear brain extracellular solutes and abnormalities in glymphatic clearance system may contribute to both initiation and progression of neurological diseases. Despite that diabetes is known as a risk factor for vascular diseases, little is known how diabetes affects the glymphatic system. The current study is the first investigation of the effect of diabetes on the glymphatic system and the link between alteration of glymphatic clearance and cognitive impairment in Type-2 diabetes mellitus rats. MRI analysis revealed that clearance of cerebrospinal fluid contrast agent Gd-DTPA from the interstitial space was slowed by a factor of three in the hippocampus of Type-2 diabetes mellitus rats compared to the non-DM rats and confirmed by florescence imaging analysis. Cognitive deficits detected by behavioral tests were highly and inversely correlated to the retention of Gd-DTPA contrast and fluorescent tracer in the hippocampus of Type-2 diabetes mellitus rats. Type-2 diabetes mellitus suppresses clearance of interstitial fluid in the hippocampus and hypothalamus, suggesting that an impairment of the glymphatic system contributes to Type-2 diabetes mellitus-induced cognitive deficits. Whole brain MRI provides a sensitive, non-invasive tool to quantitatively evaluate cerebrospinal fluid and interstitial fluid exchange in Type-2 diabetes mellitus and possibly in other neurological disorders, with potential clinical application.
Introduction
Type 2 diabetes mellitus (T2DM) is a major health problem and is associated with numerous complications including high blood pressure, blindness, non-traumatic lower limb amputations and kidney, peripheral nervous system and cardiovascular diseases and stroke. 1, 2 However, despite being an established risk factor for cognitive decline in the elderly population, it is unclear why diabetes contributes to the development and progression of cognitive deficits. The causative roles of DM-associated cerebrovascular dysfunction and neurodegenerative mechanism following abnormal glycemia and insulinemia have been described in the pathogenesis of cognitive impairment. [3] [4] [5] [6] However, as the pathological changes in the central nervous system of diabetic individual are usually subtle and multifactorial, 7, 8 obtaining imaging biomarkers of DM-associated glymphatic impairment and cognitive decline may permit identification of highrisk patients and the evaluation of potential treatments.
Recent studies [9] [10] [11] [12] [13] have fundamentally altered the traditional model of cerebrospinal fluid (CSF) hydrodynamics. Traditionally, it is believed that CSF produced by the choroid plexus located in all four ventricles flows into the subarachnoid space surrounding the brain and from here exits the cranial cavity by outflow along cranial and spinal nerves, the olfactory bulb, and the arachnoid villi. New imaging measurements have shown that CSF also can be recycled back into the brain and exchanged with interstitial fluid (ISF). [9] [10] [11] [12] [13] [14] The dynamic exchange of CSF with ISF is identified as the glymphatic system. The glymphatic system provides a pathway of highly organized convective fluid flow that drives clearance of interstitial solute from the brain parenchyma. The glymphatic system is primarily active during natural sleep and impairment of the glymphatic clearance is involved in the development of neurodegenerative conditions, including Alzheimer's disease and traumatic brain injury (TBI), 9, 11, 13 which are often linked to sleep disorders. However, it is not known whether diabetes impairs the glymphatic activity. Since diabetes is linked to vascular pathology and increases the risk of developing small vessel disease with enlargement of the perivascular space, 15, 16 it is of particular interest to establish whether diabetes impairs glymphatic activity. Also, diabetes is associated with reduced performance on cognitive function. [17] [18] [19] Chronic hyperglycemia and microvascular disease contribute to cognitive dysfunction in both type 1 and 2 diabetes, and both disorders are associated with decrements of attention and executive functioning as well as mental and motor slowing. [17] [18] [19] However, the exact mechanisms by which diabetes trigger cognitive dysfunction are not well understood. 17, 18 In this study, we employ MRI to dynamically image contrast agents in CSF as well as 3D confocal microscopy of the brainwide distribution of fluorescent tracers to evaluate, for the first time, the temporal and spatial profiles of paravascular CSF-ISF exchange throughout the brain and related functional deficits and impairment of the glymphatic system after T2DM.
Materials and methods
All experimental procedures were conducted and performed in accordance with guidelines of National Institute of Health (NIH) for animal research under a protocol approved by the Institutional Animal Care and Use Committee of Henry Ford Hospital, and experimental guidelines of ARRIVE (items 8, 10 to 13). All experimental procedures were approved by the Institutional Animal Care Committee of Henry Ford Hospital.
Animal model and groups
Male Wistar rats, 13 months of age (n ¼ 33) were subjected to intraperitoneal (IP) injection of 210 mg/kg of nicotinamide (NTM) and streptozotocin (STZ, 60 mg/kg), which has been demonstrated to produce noninsulin-dependent DM syndromes that resemble human type 2 diabetes. 20, 21 This animal model mimics some pathological manifestations of human T2DM, including increase in blood glucose, insulin secretory dysfunction, and glucose intolerance, but not hyperinsulinemia and obesity. 20, 22, 23 The diabetic state was assessed two days after STZ injection and weekly thereafter by measurements of non-fasting plasma glucose concentration. These rats develop hyperglycemia at two weeks and became DM (non-fasting plasma glucose concentrations >250 mg/dL) two months after STZ-NTM administration, which resembles the clinical manifestation of T2DM. 24 Four rats failed to develop hyperglycemia and three DM rats died within one month after NTM and STZ injection (9% mortality rate). These animals were excluded from further experiments.
A total of 44 rats were assigned into non-DM (n ¼ 18) and DM (n ¼ 26) groups. MRI measurements were performed in five non-DM and five DM rats. Ex-vivo fluorescence imaging was performed on DM and non DM rats (n ¼ 17/group). DM and non-DM rats were enrolled in the Morris water maze test (MWM, n ¼ 10/group). However, 40% of DM rats (4 of 10) subjected to the MWM were excluded from the cohort based on their skin condition (two rats developed skin ulcers) and poor performance during the initial MWM trials (two rats were unable to keep their heads above water/drowning after the first two trials). The odor recognition test was performed on six DM and six non-DM rats. However, 33% of rats (two DM and two non-DM) failed to explore or approach any beads during the novel-odor habituation phase and were excluded from the odor recognition test.
MRI measurements
MRI measurements were obtained using a 7T scanner with a birdcage type coil as the transmitter and a quardrature half-volume coil as the receiver. During MRI measurements, anesthesia was maintained using medical air (1.0 L/min) with isoflurane (1.0-1.5%). Stereotactic ear bars were used to minimize movement, and rectal temperature was maintained at 37 AE 1.0 C using a feedback controlled water bath.
At each MRI session, a fast gradient echo imaging sequence was used for positioning of the animal in the magnet, and a spin echo sequence of T 2 -weighted imaging (T2WI) was acquired for detection of brain tissue changes in the DM rat. The T2WI contained six sets of images using echo time of 15, 30, 45, 60, 75, and 90 ms; repetition time of 4.5 s, and 32 Â 32 mm 2 field-of-view (FOV), 128 Â 128 matrix, 1 mm slice thickness of 13 slices.
The dynamic CSF-ISF exchange was measured using 3D T1-weighted MR images (T1WIs) with Gd-DTPA contrast agent followed with a contrast enhanced MRI (CE-MRI) protocol. 14 3D T1WIs were obtained with echo time of 4 ms, repetition time of 15 ms, flip angle of 15 , 32 Â 32 Â 16 mm 3 field-of-view (FOV), and 256 Â 192 Â 96 matrix interpolated to 256 Â 256 Â 64 voxels (0.125 Â 0.125 Â 0.125 mm) for analysis. Dynamic 3D T1WIs were acquired continuously for 6 h with three baseline scans followed by intra-cisterna magna (ICM) Gd-DTPA contrast (21 mM, Gd-DTPA, MW 1 kD) delivery via the indwelling catheter while MRI acquisitions continued. 14 A total of 80 ml of the paramagnetic contrast agent was delivered intrathecally at an infusion rate of 1.6 ml per minute (total infusion time ¼ 50 min).
Ex-vivo fluorescence imaging
A mixture of 0.1% fluorescein isothiocyanate (FITC)conjugated dextran 500 (FITC-d500, MW 500 kDa) and Texas Red-conjugated dextran 3 (TR-d3, MW 3 kDa) dissolved in artificial CSF was injected into ICM. TR-d3 was selected to roughly correspond with the molecular weights of Gd-DTPA (MW $ 1 kDa) and FITC-d500 was employed for evaluating the clearance of large size molecular; 30, 180, and 360 min after injection, animals were transcardially perfused with heparinized saline and 4% paraformaldehyde, and the brains were removed and post-fixed overnight at 4 C. Six coronal vibratome sections (100 mm/section) spaced as 300 mm intervals at the level of dorsal hippocampus (bregma À2 to À4) were mounted with VECTASHIELD Mounting Medium (Vector Lab). Tracer distribution was imaged under a fluorescence microscopy using micro computer imaging device (MCID) analysis system (Imaging Research Inc.). For quantification, the distribution of TR-d3 was imaged with the corresponding red emission channel within the hippocampus and hypothalamus. The fluorescence intensity within each ROI was calculated using the corresponding non-injected control slices as background level with the MCID. Data are presented as the % of TR-d3 exposed area within the hippocampus and hypothalamus.
Functional outcome
All functional outcome tests were performed by observers blinded to the group allocation. For assessment of cognitive impairments, the spatial learning function was measured with MWM test performed daily for five days before sacrifice. 25, 26 Briefly, the experimental apparatus consists of a circular water tank (140 cm in diameter) which is placed in a large test room with many external cues (e.g., pictures, lamps, etc.) that are visible to the rats. A transparent platform (15 cm in diameter) is submerged 1.5 cm below the surface of the water at a random location within the Northeast quadrant of the maze. For each trial, the rat was placed randomly at one of four fixed starting points (north, south, east, and west), and allowed to swim for a maximum of 90 s. The latency to find the hidden platform and the time spent within the correct quadrant are recorded. Data are presented as the percentage of time spent within the correct quadrant relative to the total amount of time spent to find the platform.
The olfactory learning and memory were measured with an odor recognition test before sacrifice. 27 Briefly, identical round wooden beads (Woodworks Ltd.) were placed in the cages of two individually housed donor rats for one week without bedding change to acquire animal specific odors (designated as N1 and N2). During the initial familiarization period (two days before testing), four unscented wooden beads (designated as F1-F4) were introduced into the home cage, where the testing rat would be familiarized the presence of the beads for 24 h. On the following day (one day before testing), the four now-familiar beads (F1-F4) were removed for 1 h. After this 1-h period, three familiar beads (F1-F3) and a novel-odor scented wooden bead (N1) were randomly placed into the home cage for three 1-min trials with 1-min inter-trial intervals. The timing of the 1-min trial is initiated when rat begins approaching any bead. This procedure produces habituation to N1 while minimizing olfactory adaptation. Exploration time for each of the four beads was recorded by experimenters blinded to which beads were familiar or novel (beads were number-coded). The odor recognition memory test was performed 24 h after the novel-odor habituation phase. Four beads including two familiarized home cage beads F1 and F2, a recently familiarized bead N1, and a novel-odor bead N2 were placed in the home cage, following the same procedure outlined for the habituation phase. Exploration time for each beads was recorded. The focus of the test was to assess the nonspatial social odor-based novelty recognition for N2 bead and the overnight memory for the N1 bead. Good odor recognition memory was indicated by more time spent exploring N2 than N1 and other beads in the trial. Data are presented as the percentage of time spent on N2 relative to the total amount of time spent with all beads.
Data analysis
Data analysis was performed in a blind fashion. The general MRI processing procedure consisted of brain extraction, registration to correct head motion, and voxel-by-voxel conversion to percentage of baseline signal using SPM8 (http://www.fil.ion.ucl.ac.uk/spm/). Generally, the T1 images in this work include all the head tissues. Therefore, the first necessary step is to remove non-brain tissues in order to reduce the computations and improve the performance of following registration steps. To do this, for each case, first we draw manually a mask on the standard deviation (STD) map (computed from STD of time courses) on each coronal section, one by one, in order to encompass all the brain. Second, scan-to-scan misregistration caused by head movement was corrected by rigidbody alignment of each scan to the time-averaged (mean) image. Third, to ensure that voxel intensity represents percentage change relative to the average baseline images, all time series images were subtracted and divided by the baseline average image. The signal changes measured on the T1-weighted MRIs over time in preselected anatomical areas were used to obtain the average time evolution curve (TEC) of regional tissue uptake of the paramagnetic contrast agents. The T1-weighted averaged baseline images as well as the contrast-enhanced T1-weighted MRIs were used to anatomically guide placement of the ROIs. From the TEC, residual intensity (signal intensity at end of experiment minus baseline intensity) was calculated for comparison between DM and non-DM rats. We also fit the TECs to a simple two-phase model based on exponential curves 28 to derive clearance time constant. The first phase models the accumulation of the CA in each voxel during the injection period. This phase was not investigated in this manuscript. However, the second phase which models clearance of the CA from each voxel is modeled by an exponential decay, I(t) ¼ I max (e À(tÀtm)/2 ) for t > t m , in which I max is the maximum intensity accrued at t m . 2 is the clearance time constant and is estimated from the data. Clearance rate constant (1/ 2 ) is used in current study and the larger this value is, the faster the CA clearance from the tissue.
Cluster analysis
Nonparametric segmentation to group voxels in the MRI images on the basis of similar kinetics was performed using a k-means cluster algorithm from each of the 4D T1-weighted MRIs, as in previous investigation. 14 A volume-of-interest mask containing the brain only was created for the cluster analysis. The number of clusters (K) used was determined by the K that was able to segment out voxels adjacent to the large vessels, such as basilar artery (including pituitary recess) and olfactory artery complex. This was done on an interactive, per animal basis. The number of clusters that provided the most ideal visualization of paravascular inflow conduits was five clusters. The five clusters were examined visually and coregistered with the corresponding contrast-enhanced and anatomical MRIs to verify the positions of the clusters in relation to the large vessels. The number of voxels and TECs for each cluster was extracted for further processing.
Statistics
Observations are presented as mean AE standard errors. Correlations between behavioral data and the MRI or fluorescence imaging measurements were analyzed by Pearson correlation coefficients. To test the effect of DM on MRI and ex-vivo fluorescent tracer distribution and MRI clearance rate constant, a two-sample t-test was performed, with p < 0.05 described as significantly different.
Results
Visualizing CSF-ISF exchange in the live rat brain with and without DM We first evaluate whether glymphatic CSF-ISF influx and efflux functions are impaired after diabetes. As demonstrated in Figure 1 , the 3D dynamic T1WIs exhibit influx of MRI contrast agent, Gd-DTPA, over the 6-h infusion period in DM and non-DM rats. In non-DM rats, the dynamic time series of T1WIs clearly revealed the time-dependent anatomical routes of paravascular influx and anatomic enhancement, including: (i) arrival of paramagnetic contrast agent in the cisterna magna (C, 0), (ii) appearance of contrast in the pituitary recess 15 min after injection (C, 15 min), (iii) continued transport along the olfactory arterial complex and into the olfactory bulb 30 min after injection (C, 30 min), (iv) contrast enhancement in brain 90 min after Gd-DTPA injection (C, 90 min), (v) contrast enhancement in brain during the middle of the experiments (C, 3 h), (vi) contrast enhancement in brain at the end of the experiments (6 hours after initial Gd-DTPA injection, C, 6 h). Figure 1 (f) to (g) is the corresponding parallel ex-vivo confocal imaging after ICM injection of FITC-d500 (MW 500 kD, green) and TR-d3 (MW 3 kD, red) molecular tracers. MRI and fluorescent images demonstrate the evolution of tracer distributions, confined in paravascular arteries within 30 min, low TR-d3 molecular tracer or Gd-DTPA led to rapidly CSF influx through the paraarterial space of penetrating arteries located on the surface of brain at 30 min (C, F), TR-d3 or Gd-DTPA signals occupied most brain areas and more deep brain penetration of FITC-d500 along the paravascular space 3 h after injection (C, F), although FITC-d500 signal still confined within para-arterial space, most TR-d3 was cleared from the brain (F) and hippocampus (G) 6 h after the injection.
Compared with the non-DM rat (C, F, G), the time point matched DM rat (D, H, I) exhibits several different features in the tracer distribution, i.e.: (i) more enhanced areas involved during the initial paravascular arterial influx (D vs. C, 15-90 min); (ii) areas with increased signal intensity (tracer concentration) are more confined close to paravascular arteries than in the deep brain tissues; (iii) the overall intensity (tracer concentration) during the middle of the experiment (3 h, D vs. C) is higher; (iv) the residual intensity (or tracer concentration) 6 h (D vs. C) after Gd-DTPA injection is also higher. Consistently, the fluorescent imaging data confirmed MRI findings, that more tracer accumulation is present in the areas close to paravascular arteries during the middle of the experiment (3 h, H vs. F) and also increased tracer concentration was present at end (6 h, H vs. F) of the experiment in the DM compared with non-DM animals. Also, in the DM rats, a persistent retention of TR-d3 in the hippocampus region was detected in the DM brain (I) 6 h after tracer injection compared with the non-DM (G) rats.
Although para-arterial inflow of tracer is clearly demonstrated in this study in Figure 1 , para-venous outflow is another important component of the glymphatic pathway. Previous studies have demonstrated that para-venous structures are major outflow routes for interstitial hTau 29 and OA-647. 11 To image paraveins outflow, we performed T1WIs on a major vein, the superior sagittal (SS) sinus, to demonstrate tracer efflux along the SS sinus. Figure 2 shows horizontal sections of T1WIsfrom a non-DM rat head at the level of the SS sinus before injection (A) and 180 min after (B) finishing infusion of Gd-DTPA into the subarachnoid cisterna magna. The SS sinus appears as a dark line in the middle of the two hemispheres (arrow, A) before injection and, after infusion of contrast; symmetric areas adjacent to the SS sinus appear bright (arrows, B), which is comparable to the previous study. 30 Quantitative characterization of CSF-ISF exchange in the live rat brain with and without DM To compare the relative kinetics within the subregions in the brain, TECs were calculated after injection of Gd-DTPA in the hippocampus (Figure 3(a) ) and hypothalamus (Figure 3(c) ). Within the hippocampus ROI (Figure 3(a) ), the time courses of signal intensity changes induced by Gd-DTPA concentration were similar between DM and non-DM animals during the early period to reach peak concentration plateau ($150-250 min, Figure 3(a) ). However, the DM rats exhibited higher residual intensity (signal intensity at the end of experiment minus baseline intensity) compared with the non-DM rat. The DM rats exhibited significantly increased residual intensity (p ¼ 0.005, 772% of control) in the hippocampus compared with the non-DM rat. We also fitted the TECs to a simple two phase model based on exponential curves. 28 The Gd-DTPA clearance rate constant, 1/ 2 , was 3.4 times slower (p ¼ 0.022) in DM (1.35 Â 10 À3 min À1 ) than non-DM (4.61 Â 10 À3 min À1 ) rats.
The TECs exhibited regional differences between non-DM and DM animals. The hypothalamus (Figure 3(c) ) and olfactory bulb (OB, Figure 3 (e)) recess in DM rats exhibited smaller differences in Gd-DTPA residual intensity (hypothalamus, p ¼ 0.012, 333% of control; OB, p ¼ 0.015, 235% of control) and clearance rate constant (hypothalamus, p ¼ 0.040, 2.73 times slower, 2.46 vs. 6.71 Â 10 À3 min À1 ; OB, p ¼ 0.151, 1.98 times slower, 2.44 vs. 4.83 Â 10 À3 min À1 ) than non-DM animals. The overall effects of DM versus non-DM reflect higher residual concentrations at 6 h and slower clearance rate constants which are caused by reduced clearance of Gd-DTPA during CSF-ISF exchange.
Quantitative measurement of fluorescent CSF-ISF tracer distribution
To further examine the glymphatic system function in the DM brain, the distribution of fluorescent tracers TR-d3 and FITC-d500 was measured 0.5, 3, and 6 h after ICM injection. While the high MW tracer-FITC-d500 was confined within the paravascular compartment throughout the experiment, brain wide accumulation of the low MW tracer-TR-d3 was detected 3 h after ICM injection with comparable fluorescent levels in the hippocampus and hypothalamus of DM and non-DM rats. However, TR-d3 fluorescent signals are essentially undetectable in the non-DM brain including the hippocampus and hypothalamus regions by 6 h after injection. DM rats exhibited significantly higher TR-d3 fluorescent levels in the hippocampus (Figure 3(b) ) and hypothalamus (Figure 3(d) ) than the non-DM rats 6 h after tracer injection. These data are consistent with the MRI findings on the retention of Gd-DTPA in the DM brain via slow ISF-CSF clearance.
Cluster analysis of CSF-ISF exchange in the live rat brain with and without DM
We also performed a cluster analysis on a series of four midline sagittal slices for DM and non-DM animals. The results of this analysis are shown in Figure 4 . Five clusters (K ¼ 5) were used for optimal visualization of the pattern differences between DM and non-DM animals (Figure 4(a) and (b) ). The different clusters were associated with different anatomical areas, including tissue immediately associated with paravascular areas (zone 1, red and light blue), tissue immediately adjacent to zone 1 (zone 2, green), and the most distally labeled voxels next to zone 2 (zone 3, dark blue), respectively, and green and dark blue represent the intermediate (green) and slow (dark blue) parenchymal glymphatic pathways. The TECs of the five clusters from the DM (C) and non-DM (D) rats show that the most proximal paravascular conduits (red and (Figure 4(c) and (d) ). Although it initially appears as if there are no signal changes in the background cluster (black, cluster 5), dynamically increased signal intensity after Gd-DTPA injection is evident in the areas with cluster five, when the Y scale resolution in Figure 3 (c) and (d) is increased. The DM animal exhibited larger paravascular areas (p ¼ 0.043, zone 1, 440%), smaller mean value of zone two areas (p ¼ 0.201, 84%), and similar zone three areas (p ¼ 0.597, 105%) compared with non-DM animals. Also, the olfactory bulb region was dominant with zone 1 and 2 areas in the DM animal but with zone 2 and 3 areas in the non-DM animal (Figure 4(a) and (b) ). The zone 2 areas in the DM animal were smaller with marginal significance (p ¼ 0.065, 76%) than that in the non-DM animal, if the olfactory bulb region was excluded. Therefore, the cluster data suggest that DM significantly increases the paravascular space, and that the large accumulation of solutes in the DM animal may be caused by a reduced clearance of intermediate solute glymphatic pathway.
Impairment of CSF-ISF exchange is significantly correlated with cognitive deficits in the DM brain
The DM-induced structural and functional deficits in certain brain regions such as the hippocampus and cerebral cortex are associated with learning and memory deficits. [31] [32] [33] Our observation on DM-induced impairment of the glymphatic system in the hippocampus prompted us to examine the relationships between cognitive deficits and impairments on ISF clearance. To examine cognitive function, spatial learning function and olfactory learning and memory were examined by means of MWM and odor recognition tests. Rats with DM spent significantly less time in the correct quadrant of MWM compared to non-DM rats (Figure 5(a) ). In addition, DM rats also spent much less time on a novel object measured by the odor recognition test ( Figure 5(b) ). These data indicate that the impairment of learning and memory occurs after DM ( Figure 5) . A significant linear relationship between the accumulation of TR-d3 level in the hippocampus 6 h after ICM injection and the cognitive deficits measured by the MWM (r 2 ¼ 0.948, Figure 5(c) ) and odor recognition tests (r 2 ¼ 0.991, Figure 5(d) ) was detected in the DM and non-DM rat. We also examined the relationships between MRI parameters of glymphatic impairment and the cognitive deficits in both of hippocampus and hypothalamus. Stronger correlation with the cognitive deficits was detected for MRI residual intensity (MWM, r 2 ¼ 0.856 and r 2 ¼ 0.855; ODOR, r 2 ¼ 0.861 and r 2 ¼ 0.882 for hippocampus and hypothalamus, respectively) compared to MRI clearance rate constant (MWM, r 2 ¼ 0.493 and r 2 ¼ 0.406; ODOR, r 2 ¼ 0.485 and r 2 ¼ 0.414 for hippocampus and hypothalamus, respectively).
Discussion
DM is a major risk factor for cognitive dysfunction in the elderly. However, preclinical studies on the impact of DM during cognitive aging are limited. Using NTM and STZ, we induced hyperglycemia by provoking defective insulin secretion in pancreatic b-cells in the middle-aged rats, which resembles the clinical manifestation of T2DM. 24 More importantly, these rats develop profound cognitive deficits compared to the age-matched non-DM rat two months after induction of DM. Thus, we, for the first time, have established a DM model in the middle-aged rat that leads to the development of cognitive decline. Our model is directly relevant to the cognitive dysfunction observed in patients with DM. In attempting to identify the role of glymphatic system in DM-associated cognitive deficits, we performed the first investigation of glymphatic system impairment after DM. Our data demonstrate that DM induces impairment of the glymphatic system which is highly correlated with cognitive deficits. Quantitative MRI measurements provide sensitive markers for glymphatic impairment after DM.
Contradicting the traditional model of CSF hydrodynamics, recent studies demonstrated that a large proportion of subarachnoid CSF re-circulates through the brain parenchyma via paravascular spaces and exchanges with the ISF, and exits along para-venous pathways. [9] [10] [11] [12] [13] In parallel, the present study shows that following ICM administration, contrast agent moves rapidly by bulk flow through paraarterial pathways to reach major influx nodes at the pituitary recess, the olfactory bulb, and the pineal recess in both DM and non-DM animals. We also demonstrated, similar as previous study, 30 that MRI tracer efflux along the SS sinus ( Figure 2 ). However, compared with age-matched non-DM rats, the T2DM rats increased residual intensity and decreased clearance rate constant by 7.72 and 3.41 times of non-DM rats in the hippocampus, respectively. Our results confirm and extend the original model of glymphatic fluxes. [9] [10] [11] [12] [13] Most importantly, our results provide the first insight into the pathophysiological impairment of glymphatic fluxes in DM. DM-induced slow clearance of solutes depends on region in brain parenchyma. Compared with non-DM animals, DM animals exhibited a larger decrease in clearance rate constant and increase in residual Gd-DTPA in the hippocampus. These large differences are most likely caused by both regionally specific slower clearance rate constants and DM-induced increased delay in the hippocampus. The MRI results also were confirmed by ex vivo measurements showing significant larger TR-d3 tracer areas in the hippocampus of DM rats compared with non-DM rats 6 h after TR-d3 injection. Therefore, the quantitative MRI measurements of impairment of the glymphatic system may provide sensitive markers in detecting diabetes-associated brain abnormalities and can be employed to clinic as demonstrated in recent publication. 34 The prevalence of cognitive dysfunction and development of Alzheimer Disease (AD) is high in diabetic patients, especially among the elderly, suggesting that diabetes plays an important role in the development of cognitive impairment and AD. 35, 36 Studies have demonstrated that hyperglycemia induces cerebral neurovascular dysfunction, oxidative stress, neurotoxicity, and defects in neural insulin and amyloid metabolism, all of which been implicated in the development of cognitive abnormalities. 37 However, the mechanisms underlying cognitive impairment associated with DM remain to be investigated. In the present study, DMinduced cognitive decline measured by MWM and odor recognition tests was highly correlated with MRI residual intensity in both hippocampus and hypothalamus which was confirmed by ex-vivo fluorescence imaging results. Our data provide correlative evidence linking DM-induced impairment of ISF clearance with cognitive deficits. However, we speculate that failure of glymphatic function is not necessary cause of the impairment of retrograde memory. An important neuropathological mechanism in the diabetic brain is the accumulation of misaggregated proteins, including senile plaques comprised of amyloid-b (Ab), 38, 39 which have been shown to affect cognitive function. Thus, an elevated residual of solutes in the hippocampus in the diabetic brain may increase the accumulation of Ab and other molecules that may induce cognitive impairments. Indeed, previous studies have demonstrated that the glymphatic system regulates the clearance of Ab. 11 Patients with T2DM who developed AD exhibited extensive accumulation of Ab and neuritic plaques. 40 Experimental studies show that diabetes induced by high-fat and/or sugar diet (HFD) leads to Ab accumulation in the brain. [41] [42] [43] [44] [45] In addition, it is likely that the impairment of the glymphatic system and associated accumulation of molecular waste in the paravascular space activate a cascade of inflammatory responses that lead to neurovascular disruption, including the increase of the paravascular space, a pathological feature in DM brain and other dementia diseases. 46 Thus, the cumulative Ab deposition and neurovascular disruption following glymphatic impairment may facilitate a positive feed-back loop, further adversely affecting glymphatic system function in the DM brain. However, whether DM-induced impairment of glymphatic system function promotes Ab-mediated neuropathology and neurovascular damage warrants further investigation.
Similar to the hippocampus with a different dynamic profile, the hypothalamus also exhibited significant increases of residual Gd-DTPA in DM animals. Hypothalamic nuclei have a well-established role in modulating energy homeostasis and feeding regulation, and alterations in neuroregulatory pathways in hypothalamus can lead to modifications of central and peripheral control in food intake and energy expenditure. 47, 48 The impairment of the glymphatic system in the hypothalamus of the T2DM animal detected by MRI, therefore, may alter central and peripheral control in food intake and energy expenditure.
To directly visualize the changes of slow, intermediate, and fast parenchymal glymphatic pathways after DM, we also performed a cluster analysis for DM and non-DM animals adapting a previously published strategy. 14 Increased areas with fast glymphatic pathways and decreased areas with intermediate glymphatic pathways were detected in the diabetic brain. The explanation of the distinguished feature of the cluster results may indicate that the slow clearance of solutes after diabetes dominantly contributes from reduced capability of intermediate glymphatic pathways which in turn increased para-arterial areas with elevated solute concentration. Our data demonstrated that the CSF contrast influx from the paravascular space was comparable between T2DM and non-DM rats and the increased areas with fast glymphatic pathways (zone 1 in cluster analysis) may be induced by enlarged paravascular space. Diabetes induces both micro-and macro-vascular damage which increase the risk of developing small vessel disease with enlargement of the perivascular space. 15, 16 Diabetes is a common feature in patients with cortical atherothromboembolism and lacunar stroke 49 which alter arteriolar structure and increase the perivascular space. 15, 16, 50 Inflammation may also play an important role in the enlargement of the perivascular space. Previous studies have suggested that active inflammation in multiple sclerosis and in lacunar stroke increases perivascular space. 46, 51 Inflammatory cell infiltrates have been noted pathologically in penetrating arterioles and perivascular tissue in patients with small vessel disease. 52 Plasma inflammatory markers are increased in patients with lacunar stroke 51,53 associated genetically with progression of white matter hyperintensities and lacunar infarcts. 54 The enlarged paravascular space could also be one factor for reducing clearance of Gd-DTPA due to stagnation of glymphatic transport. The advantage of the MRI cluster analysis is its direct visualization and identification for the affected parts of the glymphatic system by disease. Potentially, cluster analysis of glymphatic pathways can also be employed to detect treatment effects in neurological diseases, include diabetes.
Our data demonstrated for the first time, that diabetes adversely affects glymphatic system function, which is highly associated with impairment of learning and memory. MRI can provide sensitive quantitative measurements of glymphatic impairment after DM and may potentially have clinical application due to its noninvasive nature. However, based on the present study, we cannot claim that failure of glymphatic function is the cause of the impairment of cognitive deficits. Further investigations are required to mechanistically relate the glymphatic dysfunction to cognitive impairment.
